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DYNAMIC LOADS IN SELF-ALIGNING GEAR TRANSMISSIONS
OF HEAVY LOADED MACHINES

Purpose. Development of a mathematical model of a heavy loaded gear transmission with a self-aligning drive gear; evaluation
of the dynamic load on the gear transmission in the gear alignment process.

Methodology. The calculation schematic and equations of the relative motion of the self-aligning drive gear are formed using
the methods of rigid body dynamics. Analytical expressions for the gear self-alignment time, collision velocity during the align-
ment and dynamic load factor are obtained by integrating an ordinary differential equation. Methods of the linear theory for oscil-
lations are used to determine the dynamic factor.

Findings. The article investigates the state-of-art design and mathematical models of the self-aligning gear. An equation for the
relative motion of the moving part of the gear has been formed using the methods of rigid body dynamics. It is shown that by using
the proposed hypotheses, the movement of the gear can be reduced to rotation about the instantaneous axis. The influence of
geometric and dynamic parameters of the ball mill drive on dynamic loads in the open gear transmission is investigated. The gear
alignment speed dependences on the tooth mesh misalignment angle in the gear transmission and the inertial parameters of the
gear have been obtained. The obtained dependencies were used to calculate the time and speed of the gear alignment in the open
gear transmission of the ball mill MIIIII 5.5 x 6.5 (central discharge ball mill). It is shown that in the real range of mesh misalign-
ment angles and gear parameters, the time of the gear alignment is several orders of magnitude less than the time of teeth re-en-
gagement. In the presence of the variable component of the mesh misalignment angle, the gear will constantly make a relative
motion with strikes; depending on the current value of the mesh misalignment angle, the dynamic load on the gear transmission
can be significant. It is shown that when assessing the efficacy of self-aligning gears, it is necessary to take into account a possible
increase in dynamic loads. The dynamic factor and the load factor are calculated for the nominal value of the mesh misalignment
angle in the open gear transmission of MIIILI 5.5 x 6.5 ball mills.

Originality. A mathematical model of the dynamics of a self-aligning gear transmission in heavy duty machine drives has been
developed. A quantitative assessment of internal dynamic load factor in an open gear transmission of MIIILI 5.5 x 6.5 ball mills has
been carried out.

Practical value. A method for determining the dynamic component of the load on a gear transmission containing a self-aligning

drive gear has been developed.

Keywords: gear transmission, self-aligning gear, dynamic load, load factor

Introduction. Gear transmissions are the most commonly
used drive elements in heavy duty machines. There is a ten-
dency to increase the capacity of the drives to be used in tube
mills, ball mills, and tube furnaces. Heavy duty gear transmis-
sions with a shaft torque of about one hundred thousand kilo-
newtons per meter have been increasingly used. The reliability
of these machines depends significantly on the reliability of
the gear transmissions. The uneven distribution of the load
along the width of the gear wheel is a feature of heavy duty
low-speed gear transmissions, which leads to intense wear and
tooth breakage [1]. Inaccuracy in the manufacture of the gear
wheel, elastic deformation of the teeth, gear rim, shaft and its
bearings, and the run-out of the support bearings lead to the
occurrence of the tooth mesh misalignment [2]. As a result,
the working surfaces of the meshed teeth are not parallel to
each other and are positioned at a solid angle of tooth mesh
misalignment y (Fig. 1). Poor contact of teeth in the operation
leads to one-sided spalling and scuffing of the teeth, uneven
wear along the length of the contact lines, and sound in gear
transmissions [3].

Reshetov L. (1985) showed that due to the inevitability of
tooth mesh misalignment along the contact line under a rigid
installation of gears, there is an excessive connection resulting
in uneven distribution of the load. The introduction of local
mobility in the connection between the rim and the hub elim-
inates the excessive connection or reduces the effort required
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to overcome it, which decreases the unevenness of the load
distribution. O. Beresnev (1983) identified several groups of
corresponding design solutions:

- wheels with increased compliance of teeth, disc or hub;

- gear wheels with overhead and built-in dampers;

- composite gear wheels with elastic mountings (including
the use of polymer materials).

In heavy duty low-speed gear transmissions, where the
transmitted moments reach hundreds of meganewtons per me-
ter, the second and third groups of design solutions have not
been widely used due to their lower strength and reliability. The
principles underlying the first type design are being widely used
in the gear transmissions of ball mills. The profile of the drum
rim and the drive gear is always made non continuous in order
to reduce the weight of the structure and increase the compli-
ance. However, as shown by the research of the authors, this
does not completely solve the problem. Excessive flexibility of
the wheels leads to uneven load distribution in the wheel struc-
ture, which negatively affects its bearing capacity [4].

Another design concept of the first type group is a gear
with a movable rim and spherical joint. The gear rim and the
shaft are connected by splines [5, 6]. The profile of the splines
should be involute due to its higher bearing capacity, uniform
load and lower stress concentration around the shaft as com-
pared to straight-sided splines. The mobility of the gear rim is
provided by an increase in lateral and radial clearances or a
longitudinal change in the teeth working surfaces. With a con-
stant angle of mesh misalignment, load balancing across the
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width of the gear rim can occur as a result of the teeth running-
in. A feature of large-sized and heavy duty gear transmissions,
such as gear wheels in a ball mill drive, is a variable component
of the mesh misalignment angle. Therefore, the self-alignment
process never occurs. Increased clearances lead to an increase
in the dynamic load in the mesh. Consequently, the barrel-
shaped modification is more advisable, since with an uneven
distribution of the load along the width of the gear rim, a
torque will be created, which leads to the rolling of the teeth
surfaces and turn of the gear in the direction of decreasing the
mesh misalignment angle [5].

The need to use self-aligning gears is especially acute for
ball mills, which are widely used for grinding various materials
at concentrating mills in the mining industry, in the chemical
industry for the production of cement, and at thermal power
plants for grinding coal. Their world’s share in technological
processes related to the grinding of raw materials is more than
80 %. The process of material grinding is energy and metal
consuming. Energy consumption in the grinding process is
7—10 %, and metal consumption — 2 % of the total production
in the world. In addition, the specific energy consumption for
fine grinding is 20—60 kWh/h. The world’s industries are try-
ing to reduce the cost of grinding through creating large-sized
ball mills of high unit capacity. In the 60—80s of the last cen-
tury, the engine power of the largest mills did not exceed
4000—5000 kW, while today, Metso Minerals (USA) manufac-
tures mills with engine power exceeding 20 000 kW. Mills
equipped with gear drives, containing open gear transmis-
sions, require lower capital expenditures compared to other
drive types. An increase in unit power for geared mills is con-
strained by the maximum power that an open gear transmis-
sion is able to transfer from the motor to the drum.

A peculiarity of the open gear transmissions in ball mills is
that the gear rim is installed directly on the drum, and its di-
ameter reaches 12 meters. The misalignment of the geometric
axis of the gear rim and the axis of rotation of the drum reach-
es a significant value and leads to the face run-out of the rim.
In ball mills from Novokramatorsk Machine Building Plant
and in autogenous mills from Syzran Plant of Heavy Mechan-
ical Engineering, the value of the face run-out of the gear rim
reaches 2 mm. The highest standard foreign mills feature the
limiting value of the gear rim face run-out of 0.7 mm. (Ta-
ble 1). As a result, the tooth mesh misalignment angle consists
of a constant component and a variable one. The constant
component of the tooth mesh misalignment angle is prone to
run-in, while the variable component is not, which leads to an
uneven distribution of the load and, accordingly, to bending
and contact stresses along the width of the gear rim. The oc-
currence of face run-out is one of the main factors limiting the
amount of power transmitted through the rim to the drum by
one drive gear.

The use of self-aligning gear transmissions in ball mills
makes it possible to compensate for both the variable and con-
stant components of the tooth mesh misalignment and, ac-
cordingly, transfer higher power from the motor to the drum.
The problem of equipping the drives of domestic mills with
self-aligning gear transmissions is even more relevant, since
they have larger tolerances for errors in manufacturing and
mounting.

Currently, drives with one self-aligning drive gear with a
power of 7090 kW are in operation, and a drive with a power of
8209 kW transmitted to the drive shaft-gear has already been
designed [7]. The next step in increasing the power transmitted
to the drum is the power flow separation, when two or more
drive gears work with one gear rim. For this purpose, two-mo-
tor drives and methods for uniform distribution of load be-
tween transmission lines have been developed. At present,
ABB (Asea Brown Boveri Ltd.) manufactures double-motor
drives equipped with frequency converters that allow smooth
start-up and control of the drum rotation speed [8]. MAAG
Gear AG (Switzerland) and FLENDER (Germany) have de-

Table 1

Basic mounting parameters and tolerances for open gear
transmissions in Roxyle mills 30 x 10 and domestic mills

1 | Drum 9150 x 3150 | 9000 x 3000 | 5500 x 6500
dimensions, mm

2 | Engine power, 3300 4000 4000
kW

3 | Gear shaft 140 75 150
rotation
frequency, rpm.

4 | Tooth module, 34 28 25
mm

5 | Number of teeth:
- gears 23 42 46(25)
-rim 304 284 252

6 | Tooth width, mm 775 1000 1000

7 | Hardness of the
teeth working
surfaces, HB:
- gears 550 260—300 260—300
- rim 265—-280 180—200 180—200

8 | Non-horizontal 0.1 0.1 0.1

positions of plate
foundations, mm

9 | Clearance 0.04 0.12 0.05
between the faces
of the gear rim
sectors, mm

10 | Maximum radial 0.7 2.0 2.0
run-out of the
gear rim, mm

11 | Maximum face 0.7 2.0 2.0
run-out of the
gear rim, mm

12 | Maximum 1.4 2.0 4.35
tolerance for
radial clearance
in the open gear
transmission
mesh, mm

13 | Open gear 75 60 60
transmission
contact patch, %

veloped lateral gear drives, which make it possible to transmit
torque through the gear rim to the drum by two drive gears [7].

Despite the increasingly widespread use of self-aligning
gears, there is currently no theoretical basis for determining
the degree of load balancing along the width of the gear rim or
the effect of an additional degree of freedom on the dynamics
of the gearing. This does not allow assessing the area of effec-
tive application of self-aligning gears and complicates the cal-
culation of their strength. A few experiments on a scale model
of the self-aligning gear transmission indicate the influence of
the mesh misalignment angle on the dynamic characteristics
of the gear transmission (S.Yang,L., 2010). Studies have
shown that the alignment process is accompanied by the oc-
currence of torque fluctuations in the drive shaft. There is a
direct relationship between the mesh misalignment angle and
the amplitude of the torque oscillations.

Therefore, it is of considerable interest to study the influ-
ence of the unsteady gear movement on the dynamic loads in
the gear transmission during the period of compensation of
the mesh misalignment angle.

The purpose of the work is to develop a mathematical
model of a self-aligning gear transmission, which would take
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into account the occurrence of dynamic loads on the gear
transmission due to the process of the gear alignment.

Mathematical model. Let us consider the movement of a
self-aligning gear, whose schematic diagram is shown in Fig. 1.
The movement of the movable rim of the gear on the spherical
bearing surface of the gear shaft, in the most general case, is a
rotation around the fixed point O, lying in the geometric cen-
ter of the spherical bearing surface. In this case, all the three
axes of rotation continuously change their position in space.
The deformation of the shaft and gear can be obviously ne-
glected during the motion until the moment of engaging into
mesh. Then the equations of the gear motion can be repre-
sented as

N, =L, +(I;—1,)0,0

YO
N, =L, +(1,-I;)o,0,; (1)
N, =T, +(1,~1))o,0,

where N,, N,, N, are components of the external moment rela-
tive to the main axes x, y, z; ®,, ®,, ®, are components of the
angular velocity relative to the main axes; /,, I,, I; are the main
moments of the body inertia.

This system of equations can only be solved by numerical
methods. The lack of an exact solution and uncertainty in the
boundary conditions reduces the value of this approach for en-
gineering practice. A numerical study on the equations will
make it possible to draw some qualitative conclusions about
the self-alignment process. At the same time, internal dynam-
ic loads are known to be largely caused by tooth strikes. The
speed of the relative movement of the gear relative to the driv-
en wheel determines the amplitude of the dynamic component
of the moment in the mesh. This approach allows making a
number of assumptions that reduce the system of equations (1)
to an ordinary differential equation, with further obtaining an
exact solution.

Let us consider the movement of the gear relative to the
driven wheel in the presence of a mesh misalignment.

We make the following assumptions:

- elastic deformations can be neglected due to their small-
ness;

- the interaction of the gear teeth and the driven wheel oc-
curs during the period of single-pair mesh;

- the relative speed of the gear wheels at the initial moment
of time is equal to zero;

- the mesh misalignment angle is a small, acute, flat angle
in the meshing plane;

- the bearing surface of the moving part of the gear is
spherical and unchangeable;

- the force interaction of the moving part of the gear and
the bearing surface occurs through the contact area S;

- the dimensions of the area .S are comparable to the di-
mensions of the bearing surface;

- the location of the area S, its size and the distributed
force at each moment of time is determined by external and
inertial forces acting on the gear.

In relative motion, the driven wheel can be represented as
a stationary one, and the movable part of the gear as making
spatial motion under the action of the drive torque M, applied
to it (Fig. 1). The spherical bearing surface of the movable gear
rim allows it to only perform a rotational movement relative to
the geometric center of the gear. Then the relative movement
of the gear rim can be considered as rotation about the fixed
axis OA passing through the geometric centre of the gear O and
the contact point of the gear teeth and driven wheel 4. The
smallness of the mesh misalignment angle allows us to con-
sider the axis OA stationary.

The rotation of the gear occurs under the action of a driv-
ing moment. The internal meshing is made as an involute
spline connection, where the splines of the gear shaft have a
barrel-shaped longitudinal modification that allows the gear
rim to roll around them. In the absence of misalignment, the

Fig. 1. Calculation schematic diagram of the relative motion of
the gear rim:
A — point of the teeth contact; B — the geometric centre of the gear
tooth section by the plane of action; O, — the centre of the gear rota-
tion; OA — the axis of the gear rim rotation; b — tooth width; M, —
vector of driving moment; M, — the projection of the M,, vector onto
the axis of rotation; r; — the radius of the pitch circle; o. — the angle
between the axis of the rim rotation and OB axis; y — mesh mis-
alignment angle; © — vector of the angular speed of rotation of the
drive shaft; ® is the projection of the vector o onto the OA axis

vector of the angular velocity of the gear @ and the vector M,
coincide in direction and are directed in a plane perpendicular
to the longitudinal plane of the gear wheels; they pass through
the geometric center of the gear. In the presence of an uncom-
pensated misalignment angle v, the vector of the relative angu-
lar velocity w deviates towards the axis OA, the projection of
the moment vector onto which is

My, = M,, cos(y) sin(a) = sin (). )

Part of the transmitted energy is lost to overcome the fric-
tional forces arising from the force interaction of the gear rim
and spherical bearing surface. The frictional moment can be
determined according to the Coulomb law by the formula (I1-
yin V.A., 1985)

M= f.-p-[[ p(M)aS, 3)

where £, is the sliding friction coefficient (f; = const); p is the
radius of curvature of the joint surface (p = const = R); p(M) is
the law of normal pressure distributions over the joint surface
(Fig. 2).

However, due to the inevitable deviation of the contact
surface from the spherical one, the contact will occur over a
small area, so the force interaction can be reduced to a point
interaction (Fig. 2, b).

Then expression (3) is transformed to the form

My=f-p-R,

During the operation of the gearing, the process of appear-
ing and closing the mesh misalignment angle occurs simulta-
neously. The mesh misalignment angle will be compensated
by elastic deformations and relative movement of the moving
part of the gear.

In the case when the process of alignment of the resulting
unevenness is ahead, the opening of the mesh misalignment
angle does not occur.

The face run-out of the gear rim leads to the fact that the
mesh misalignment angle will change from a minimum to a
maximum value. A pair of teeth will engage with a maximum
tooth mesh misalignment angle, for example, in a mill MLLILL
5.5 x 6.5, every 126 engagements (Vinogradov B. V., 2015).

It can be assumed that with a large radial run-out of the
gear rim, wear of the teeth, single-pair engagement and mating
of'a “dangerous” pair of teeth with the largest tooth mesh mis-
alignment significantly exceeding the elastic deformations
aimed at compensating for it, a partial opening of the mesh
misalignment angle will occur. Let us consider the influence of
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Fig. 2. Force interaction between the gear rim and the spherical
bearing surface:
1 — gear rim; 2 — spherical bearing surface; O, — the center of
rotation of the gear; M is the point on the contact area; S — contact
area; p(M) — radius of curvature of the contact area at point M;
AV(M) is the vector of the velocity increment at point M; p(M)
is the normal pressure vector on the contact area at point M

the uncompensated mesh misalignment angle on the dynamic
loads in the gearing.

The equivalent dynamic scheme of the ball mill drive in
steady-state operation is shown in Fig. 3, a, where 1, 1,, I; are
the reduced moments of inertia of the motor rotor, gear and
drum; ¢, ¢, ¢, are torsional stiffness of the electromagnetic
field of the synchronous motor, mechanical transmission and
gear transmission, respectively. Since the reduced moments of
inertia of the motor rotor and drum /, and /, are several orders
of magnitude greater than the moment of inertia of the gear,
then in solving the problems of the drive dynamics in the pe-
riod when there is no connection between the gear and the
drum, the mass of the motor rotor and drum can be consid-

L Iz

Co [V] C2

A\\N

—

AN

c

Fig. 3. Equivalent dynamic schemes:

a — ball mill drive; b — the moving part of the drive gear in the
absence of connection with the drum, ¢ — gear transmission. I,, I,,
15 — reduced moments of inertia of the motor rotor, gear, drum and
moving part of the gear; ¢, ¢,, ¢, — torsional stiffness of the electro-
magnetic field of the synchronous motor, mechanical transmission,
and gear transmission; s, m — linear stiffness and mass of the gear

ered infinitely large. The equivalent dynamic scheme for this
case is shown in Fig. 3, b. Since the stiffness of the mechanical
transmission of the drive is several orders of magnitude less
than the stiffness of the gear transmission (¢; < c¢,), then in
solving the problems of the gearing dynamics, in addition, the
stiffness ¢, can be taken as infinitesimal. Then the equivalent
dynamic gear scheme takes the form shown in Fig. 3, c.

At the initial moment, before the formation of the mesh
misalignment angle, in the gearing, the mechanical transmis-
sion of the drive is loaded with a static torque (Fig. 3, ). Un-
der the action of this elastic moment, the moving part of the
gear starts to make angular movements aimed at reducing the
mesh misalignment angle y. The equations of motion during
this period, given that, will have the form

Tof+¢=—M, “4)

where are moments of inertia of the moving part of the gear
relative to the axis OA; c, is torsional stiffness of the mechani-
cal drive system.

It is known that the moment of inertia of a rigid body
about an axis that does not coincide with the principal axes of
inertia is

Ips= I, cos’B +I,cos0, + I, cos’0,, ®)

where B3, 0,, 0.are the angles between the axis OA4 and the main
axes of inertia of the body (Fig. 4). Due to the smallness of the
mesh misalignment angle, the axis OA can be considered to be
in the xOy plane. Then 6, = a; 8, = 90°, and the angle o is fully
determined by the dimensions of the gear and is obtained from

the expression
b
o =arctg| — |,
2R,

where R,, b are pitch radius and gear width, respectively.

It is quite obvious that before the teeth engage into mesh,
the moments of inertia of the gear are the moments of inertia
of its rim and they can be found as the moments of inertia of an
equivalent hollow cylinder with an inner radius 7, an outer ra-
dius R, and a length b according to the formulas
I :%(rf +R?);

X

m
1,=1, =§(3(r,2 +RY)+b?).

The mass of the gear rim is 5231 kg, and the calculated
values of the main moments of inertia are /. = 1131.4 kg - m?%;
I,=1,=908.9 kg - m?. For the gear under consideration, the
angle b = 0.7. Then, using formulas (5), we can determine the
moment of inertia relative to the axis of rotation /,, =
=980.5 kg - m>.

Solution of equation (4) with initial conditions

AY
a
A B
p
e \ 0
r Rl YA
-+ b >!

Fig. 4. Axes of inertia of the gear:

b — gear width; r, — inner radius of the moving part of the gear;
R, — outer radius of the moving part of the gear; x, y, 7 — main axes
of inertia
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takes the form

Woa1 =

(Ms, _Mﬁ)sm(“)co{ Clt].

G

_(MS'_Mf’>Sin(a) G G
WOA]_C—I ESIH Et . (7)

When counting from the initial position of the mass /;, the
movement in the direction of decreasing the mesh misalign-

The value of the angle at each moment ¢ is determined
from the expression

Y2=Y ——(Mﬂ _Mﬁ)Sin(a)(l—cosFtJ. ®)
G o,

When y, =0 or y, =y,, time #, of decreasing the mesh mis-
alignment angle y, according to (8) can be determined from
the expressions

arccos 1—¢
- { (M, —Mfr)sin((x)}

ment angle is described by the equation . s 9)
M, —M,)sin(o -
ylz—( i f’) ( ) 1-cos, |91 |. s
¢ 04 or
sin{ ! t‘]: ’ “Yo D) Yo : ) (10)
\/ Uy Vs o (M, —M, )sin(o)
gSinj oy —7—————
(Mst -M, )sm((x)
Substitute the value ¢, into expression (7) to determine the F
st _ﬁ YO

angular velocity of the moving part of the gear at the moment
of decreasing the mesh misalignment angle
B M, sin(oc) o

Wo
¢ Uy

an
% Yo 9_ Yo )
(M,—M)sin(a)| " (M,—M,)sin(a)

At the moment of the gear teeth meshing with the teeth of
the rim, the linear speeds will be distributed along the length of
the gear rim according to the law

v=v=0.5wh,

(12)

where 4 is the radius of rotation.
The maximum speed corresponds to the point whose ra-
dius of rotation is

b,d,

hmax = W’

where d, is the diameter of the gear.

Substitute the value w,, from (11) in (12) and 4,,,, from (13)
to determine the average rate of gearing deformation at the ini-
tial moment

(13)

vy =0.5w, b,d,

In accordance with the equivalent dynamic scheme of the
gear transmission (Fig. 3, ¢), the differential equation of mo-
tion has the form

(14)

mi+cx=F,.

(15)
At the initial moment, the gear train is loaded with torque
My =M, — ¢y,
which corresponds to the force

2 Yo

fo=F, “ sin(ot)’

st_g

where @, is angular deformation of the mechanical transmis-
sion during the period of decreasing the mesh misalignment
angle y,; F5t is the static component of the force.

Having solved equation (15) with the initial conditions

t=0; x,=—"

A > x():V()s
c C SlIl(OL)

we define the maximum dynamic force acting in the gearing

2
ay
- 1Yo 2
E/max - TN +mch.
Sln((l)

The dynamic load was estimated by the value of the dy-
namic factor, which is the ratio of the maximum force in the
gear transmission to its dynamic component
_F,+F F

ymax __ ymax
, =] Tomax
F

st F

st

k

Calculation results. Fig. 5 shows the dependence of the dy-
namic factor k, on the value of the uncompensated mesh mis-
alignment angle y, for the self-aligning gear of the open gear
transmission of the MIIILL 5.5 x 6.5 mill with the following
initial data: 7, = 980.5 kgm?; m = 7500 kg; ¢, =5 - 10’ Nm; c =
=8-10° N/m; M,,= 471 - 103 Nm; F,,= 819 - 10* N; oo = 0.663;
d=1.15m; M;=0.

The use of self-aligning gears will be only effective in cases
when the self-alignment time is much less than the time for
re-meshing the gear transmission.

In the case under consideration, the gear-meshing fre-
quency f of the open transmission in the ball mill and the pe-
riod of re-meshing the teeth 7 are equal to

kV
1.30

1
1.254
1.204 /

_—

1.15 ~
1.10 //

1.051

Yy
0.000012

1.00
0.000000

0.000004 0.000008

Fig. 5. Dependence of the dynamic factor k, on the mesh mis-
alignment angle v, and gear tooth width b,,:

1—b,=0.9;2—b,=0.7;3—b,=0.5
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The time of the mesh misalignment angle decreasing at
Yo=1.2 - 107° according to formula (8) is #, = 0.000285 s. Since
the time of self-alignment of the gear is several orders of mag-
nitude less than the time of re-meshing of the teeth (¢, < T),
then, given the above inertial parameters of the gear and loads
on the gear transmission, the mesh misalignment angle will be
compensated by the relative movement of the moving part of
the gear during each period of the teeth meshing. Analysis of
the calculated data shows that the use of self-aligning gears can
lead to additional dynamic loads in the gearing, which has
been confirmed experimentally (S. Yang, L., 2010).

The dominant effect on the dynamic loads is exerted by the
mass m of the gear, the stiffness of the gearing m, and the con-
tact rate v,. Other parameters being unchanged, the initial
speed v, and dynamic factor k, are determined by the mesh
misalignment angle y, and the width of the rim b,,.

In addition, the use of self-aligning gears does not com-
pletely eliminate the uneven distribution of the load along the
width of the gear rim. At large values of the tooth width, typi-
cal for open gear transmissions in ball mills, the rigidity of the
teeth along the width changes significantly, which causes un-
even distribution of the load even in the absence of a mesh
misalignment angle between the teeth. The calculations car-
ried out by the authors by the finite element method show that
for the gear under consideration, with full compensation of the
mesh misalignment angle, the coefficient that takes into ac-
count the uneven distribution of the load along the width of
the gear rim is K= 1.2.

Thus, the use of a self-aligning gear with a tooth mesh mis-
alignment angle of 0.3 -107 rad allows reducing the factor of
uneven load distribution Kp; from 2.7 to 1.2.

Additional loads arising in the gear transmission due to the
uneven distribution of the load K and the internal dynamic
load kv are formally taken into account by the load factor when
calculating the strength [9].

k = kg,

where K, is the dynamic factor; Ky is face load factor for tooth
root stress.

It is obvious that the use of a self-aligning gear will be ef-
fective in the event that kv 1.2 < 2.7. For example, the use of a
self-aligning gear in central discharge ball mills MILILL
5.5 x 6.5, with all other parameters being unchanged and k, =
= 1.3, allows the load factor to be reduced from 2.7 to 1.3
1.2 ~ 1.6. Consequently, the use of a self-aligning gear, in this
case, will reduce the load on the gear transmission by 1.7
times.

Conclusions.

1. An approximate method has been developed for calcu-
lating the gear meshing dynamics in an open transmission of
a drum mill that contains a self-aligning drive gear for the
case when the tooth mesh misalignment angle significantly
exceeds the elastic deformations working in its compensa-
tion.

2. It has been shown that the use of a self-aligning gear can
lead to an increase in dynamic loads on the gear transmission,
and the dynamic loads increase with an increase in the tooth
width and uncompensated mesh misalignment angle.

3. Due to elastic deformations of the teeth, the use of a
self-aligning gear does not allow for an absolutely uniform dis-
tribution of the load along the width of the tooth, on the one
hand. On the other hand, it leads to an increase in the internal
dynamic load. Therefore, the use of self-aligning gears will be
only effective in the case when this results in a decrease in the
load factor, equal to k = kpk,.
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JIlnHaMiyHi HaBaHTaXKeHHS
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Meta. CTBOpeHHsS MaTeMaTUYHOI MOJEi BakKOHABaH-
TaxXeHol 3yOuacToi mepenayi i3 CaMOBCTaHOBJIOBAJIBHOIO
MPUBOJHOIO LIIECTEPHEIO, a TAKOX BU3HAYEHHSI TMHAMIYHOTO
HaBaHTaXeHHsT Ha 3y04acTy Tepemadyy BHACIIIOK TIPOIECY
BCTaHOBJICHHSI IIIECTEPHI.

MeTtoauka. Po3paxyHKoBa cxema i piBHSIHHSI BITHOCHO-
ro PyXy CaMOBCTaHOBJIIOBaJIbHOI MPUBOIHOI IIECTEPHI CKJ1a-
JIeHi 3a JOMOMOTOI0 METO/iB AMHAMIKU TBEpIOro Tijia. AHa-
JIITUYHI BUpa3u JJIsl BUBHAUYEHHST Yyacy CaMOBCTaHOBJIEHHSI
LIeCTepHi, MBUIAKOCTI MPU 3iTKHEHHI 1 KoedillieHTy quHa-
MiYHOTO HABaHTaXEHHsI OTPUMaHi LUISIXOM iHTErpyBaHHS
3BUYANHOTO AU(epeHIiaIbHOTO PiBHAHHS. 1 BU3HAUYEH-
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Hsl KoedilieHTa TMHAMiKM BUKOPMUCTaHi METOIM JIiHiHOL
Teopii KOJIMBaHb.

PesyabTaTu. JJocnimkeHo cydyacHUii CTaH MUTaHHS 111010
KOHCTPYKIIii, a TAKOXX MaTeMaTUYHOIO MOJEIIIOBaHHS CaMo-
BCTAHOBJIIOBAJIBHOI 11I€CTEPHi. I3 BUKOPUCTaHHSIM METO/iB
IUHAMIKM TBEPAOTrO TiJla CKJIaIeHO PiBHSIHHSI BiZHOCHOTO
DPYXY PyXOMOi YacTWHU 1iectepHi. [lokazaHo, 1110 32 JOOMO-
TOI0 BUCYHYTHX TiMOTE3 pyX IIECTEPHi MOXXHA 3BECTH 10 00€ep-
TaHHS HABKOJIO MUTTEBOI OCi. J{oCITiIKeHO BILTMB reOMeTpUY-
HUX i JMHAMIYHUX TTapaMeTpiB IMpUBOLY OapabaHHOIO MJIMHA
Ha IMHaMiYHi 3aBaHTaX€HHS y BiIKPUTOI 3y0UacToi nepenayi.
OTpuMaHi 3aJIeXKHOCTI IIBUAKOCTI BCTAHOBJIEHHS IIECTEPHi
BiJ KyTa repekocy 3ydb4acroi nepeaadi Ta iHepiiiiHux mapame-
TpiB 1LIECTepHi. 3a JOMOMOIo0 OTPMMAHUX 3aJIeXKHOCTE 00-
YUCJIEeH] Yac i MBUIKICTb YCTAHOBJIEHHS IIECTEPHi BIAKPUTOL
3ybuacToi rnepenadi 6apadanHoro mumHa MIIL 5,5 x 6,5.
[MokazaHo, 1110 B peaJTkHOMY Ilialla30Hi 3HaYeHb KyTa TepeKo-
cy i mapaMeTpiB LIeCcTepHi yac ii BCTAaHOBJICHHS Ha KiJIbKa Mo-
PSIIKIB MEHIIe 4Yacy Tepe3aderuieHHsT 3y0iB. 3a HasBHOCTI
3MiHHOI CKJIAAOBOI KyTa IMepeKocy LIeCTepHs Oyae MOCTiitHO
3MiIACHIOBATU BITHOCHUIA PyX 3 ylapamu, i, y 3aJeXXHOCTi Bil
TMOTOYHOTO 3HAYEHHsI KyTa MepeKocy, AMHaMidyHe HaBaHTa-
JKEHHS Ha 3y0uacTy nepenady Moxe Oyt 3HauHuM. [loka3za-
HO, 110 TIPY BCTaHOBJIEHHi e()eKTUBHOCTI 3aCTOCYBaHHSI ca-
MOBCTAHOBJTIOBAJIbHOI 1LIECTEPHI HEOOXiIHO BpaxoByBaTU
MOXJIMBE 301IbILIEHHSI TMHAMIYHUX HaBaHTaxeHb. Obuucie-
HO Koe(illieHT TuHaMiK1 Ta KoeilliEeHT HaBaHTaXKEHHS I
HOMIHAJILHOTO 3HaUYE€HHSI KyTa MepeKocy BiIKpUTOI 3y0UacToi
nepenaui 6apabanHoro mumaa MIIII 5,5 x 6,5.

HayxoBa HoBu3Ha. Po3pobnena maTeMaTMyHa MOIENb
JNIMHAMiK1 CaMOBCTAHOBJIIOBAILHOI 3y0UacTol nepenavi npu-
BOJy BUCOKO HaBaHTaxeHUX MaluH. [IpoBeneHa KinbkicHa
OlliHKa Koe®illieHTa BHYTPIillTHHOTO AMHAMIYHOTO HaBaHTa-
>KEHHSI BiIKpUTOI 3y0yacToi mepenayi 6apabaHHOro MJavMHA
MIIIILI 5,5 x 6,5.

IIpakTyna 3HauumicTs. CTBOpEHA METOAMKA BU3HAUEH-
Hs1 AMHAMiYHOI CKJIa0BO1 HABaHTaXKE€HHS Ha 3ybuacTy rnepe-
Jaqy 3i CaMOBCTaHOBJIIOBAIBHOIO TPUBOIHOIO IIECTEPHEIO.

KmouoBi caoBa: 3youacma nepedaua, camoécmanosnio-
8aNbHA WecmepHs, OUHAMIYHe HABAHMANCeHHs, Koegiyienm
HABAHMANICEHHS

JInnamMuyeckue HArpy3ku
B CAMOYCTAHABJIMBAIOIIMXCS 3y0UYaThIX
nepenayax BbICOKOHATPYKEHHBIX MAIIWH
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eas. Co3maHue MaTeMaTUYECKON MOJIENIM TsKeJIOHa-
TPY>KEHHOI 3y0UaToil mepeaadyu ¢ caMoycTaHaBIMBarOIIeics
NPUBOIHON IIECTepHEH, a TaKXKe OMNpeaeicHUue NMHaAMUuJe-

CKOI1 HAarpy3KM Ha 3y0uaryo repenavy BCJIeACTBUE Mpoliecca
YCTaHOBJICHUS IIECTEPHMU.

Metoauka. PacueTHas cxeMa M ypaBHEHUSI OTHOCUTETb-
HOTO IBIKEHUST CAaMOYCTaHABIMBAIOIIEICST TPUBOIHOM IIIe-
CTEPHU COCTaBJIEHBI C MOMOIIBIO METOIOB TMHAMUKHK TBEP-
JIOTO TeJla. AHAIMTUYECKUE BBIPAXKEHUS UISI BpEMEHU CaMo-
YCTaHOBJICHUS IIECTEPHHU, CKOPOCTH COYIAapEHMS TIPU yCTa-
HOBJIEHUU U KO3(dUIIMeHTa TMHAMUIECKOM Harpy3Ku Io-
JIy4EHBI TTyTeM WHTETPUPOBAHMSI OOBIKHOBEHHOTO Audde-
peHUManbHOro ypaBHeHus. s onpeneaeHus kosbhuim-
€HTa JUHAMWKU MCITOJIb30BaHbI METOMIBI JIMHEWHON TeOpuur
KoJeOaHUM.

PesyabTaThl. MiccienoBaHo cOBpeMEHHOE COCTOSTHUE BO-
Mpoca KacaTeJbHO KOHCTPYKIIUM, a TaKXKe MaTeMaTUYECKO-
O MOJIEJMPOBAHUS CaMOYCTaHABJIMBAIOLICKHCS IIECTEPHU.
C Mcrnosb30BaHUEM METOIOB TMHAMUKM TBEPIOIO Teja CO-
CTaBJICHO YpaBHEHNE OTHOCUTETLHOTO IBUXKEHUS TTOIBUXK-
HOI1 yacTu 1mectepHu. [TokasaHo, YTO C MOMOIIbIO BbIABH-
HYTBIX TUIIOTE3 ABMKEHME IIECTEPHU MOXHO CBECTH K Bpa-
IIEHUI0 OTHOCUTEJIbHO MTHOBeHHOU ocu. McciemoBaHo
BJIUSTHUEC TEOMETPUYCCKUX M JUHAMUYECKUX ITapaMeTpOB
npuBoJa 0apadaHHOI MEJIbHUIIBI Ha JMHAMUYECKIE 3arpy3-
KU B OTKPBITOM 3yOuaToit mepenade. [TomydeHbl 3aBUCHMO-
CTH CKOPOCTH YCTaHOBJIEHUSI IIECTEPHU B 3aBUCUMOCTHU OT
yIJla mepekoca 3youaToil repenadyd U MHEPLIMOHHBIX Tapa-
MeTpoB 1ecTepHU. C MOMOIIbIO MOJYYEHHBIX 3aBUCUMO-
CTeli BEIYMCIICHBI BpeMsI 1 CKOPOCTh YCTAHOBJICHUS LIECTEP-
HU OTKPBITOM 3yOuarToii repenadyu GapabaHHONW MeJTbHUIIbI
MIIIII 5,5 x 6,5. IToka3aHO, YTO B peajbHOM IMAra3oHe
3HAYEHUI yrjia nepekoca v napameTpoB IIECTEpHU BpeMsi €&
YCTaHOBJICHUSI Ha HECKOJBKO TOPSIKOB MEHBIIE BPEMEHH
nepesauerieHus: 3yobeB. [lpy Hanuuuu mepeMeHHoU co-
CTaBJIAIONICH yIyia TlepeKoca IIeCTepHS OyIeT MOCTOSHHO
coBeplIaTh OTHOCUTEJIbHOE BMXKEHUE C yaapaMmu, U, B 3a-
BUCUMOCTH OT TEKYIIIETo 3HAUYCHUS YIJia MepeKoca, TMHAMM-
yeckasl Harpy3ka Ha 3y0uaTylo nepeaady MOXeT ObITh 3HAUM -
TeabHa. [TokazaHo, 4TO TTpH yCTaHOBICHUU 3D (PEKTUBHOCTH
MPUMEHEHUSI CaMOYCTaHABIMBAIOLINXCS [IECTEPEH HEOOXO0-
IMMO YYUTBIBATh BO3MOXHOE YBEIWYCHUE NTMHAMMYECKUX
Harpy3ok. BeruuciieH KoabduimeHT IMHaMUKU U KO3 bu-
LIMEHT Harpy3KM [UIsi HOMWHAJBHOTO 3HAUCHUS yIja Tepe-
KOCa OTKPBITOM 3y0uaToii epeaayn 6apadaHHONM MeJIbHUIIbI
MIIIL 5,5 x 6,5

Hayunas HoBu3Ha. PaspabGoraHa maTemaTuyeckask Mo-
Il TMHAMUKK CaMOyCTaHaBJIMBAIOIIEcs 3y0UuaToil mepe-
layu TIpMBOJA BHICOKOHArPY:XKEHHBIX MaliuH. [IpoBeneHa
KOJINYECTBEHHAsI OlleHKa Koa(dduIilMeHTa BHYTPpEHHEN M-
HaMUYeCKOI Harpy3KH OTKPBITOI 3y6UaToii nepeaaun Gapa-
6anHoi1 MeapHuLI ML 5,5 x 6,5.

IIpakTuyeckas 3HaunmMocTh. Co3maHa METOIMKA OTIpelie-
JIEHUsI TMHAMMYECKOU COCTaBJISIIOILE HAarpy3ku Ha 3yOua-
Tyl0 Tiepefady, COJAEpXKallyl0 CcaMOYCTaHABIMBAIOILYIOCS
MPUBOJHYIO IIECTEPHIO.

KiioueBbie ciioBa: 3youamas nepedaua, camoycmanagiu-
BAIOWASCS WeCMepPHs, OUHAMUYECKas Haepy3Ka, Kodguyuenm
Haepy3Ku
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